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INTRODUCTION 
The strength of concrete is controlled by three factors: strength ofthe matrix, strength of 
the aggregate, and strength of the bond between matrix and aggregate. It is weil known that 
material interfaces play an important role in the overall mechanical behavior of bonded 
materials e g concrete. Reflected and transmitted ultrasonic waves have been used to develop 
non-destructive ultrasonic techniques to examine the size and location of flaws and to 
provide measurements of the internal structure of concrete among other things. In the studies 
of elastic wave scattering by interfaces, it is generally assumed that the inclusion is perfectly 
bonded to the surrounding matrix material. It does, however, frequently happen that the bond 
is imperfect whereby reducing the stiffness and hence the strength of the material. 
Fora perfect interface, the transmitted and reflected waves depend upon the material 
properties of the two media. Solutions of the coefficients of reflection and transmission of 
plane waves at a perfectly bonded interface are weil established in Iiterature and can be 
found in a variety of sources [ 1] However, if the interface is not perfect, the interaction 
between the incident, reflected and transmitted waves is more complicated. This study 
presents the results of an experimental and theoretical analysis of a one-dimensional problern 
of the effect of a compliant interface on the reflected and transmitted waves. 
The experimental procedure in this investigation uses both optical and piezoelectric 
sensors for wave generation and detection to measure the transmitted waves in eight 
mortar/granite interface specimens. Laser interferometric detection is chosen for this 
investigation because of its numerous advantages over non-interferometric systems and 
piezoelectric sensors. The specimens are prepared so as to exhibit varying bond properties. 
The theoretical model is based on the premise that the interface is generally very thin and 
the assumption is adopted that the tractions are continuous across the interface while the 
displacements may be discontinuous In this research, a linear elastic spring-layer is adopted 
although some non-linear/viscoelastic model may be proposed in later work. 
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Murty [2] and Schoenberg [3] investigated the problern of a loosely-bonded interface 
between two solid half-spaces by assuming continuity of traction while allowing a finite 
amount of slip to occur Popovics et al [ 4-5] reviews existing approaches for the generation 
of stress waves in concrete and discusses the behavior of ultrasonic pulses in concrete 
Excellent articles by several authors [ 6-7] provide a summary of ultrasonic pulse velocity 
techniques applied to concrete Scruby [8] and Doyle [9] reviewed the state of laser 
generation in metals Gaydecki et al [I 0] examines the propagation of ultrasonic waves in 
concrete by partitioning the signal into discrete windows in the time domaino Other 
researchers such as Whitcomb et al. [11] and Tasker et al. [12] have used laser based 
techniques to examine the propagation of uhrasonie waves in concreteo 
EXPE~NTALPROGRAM 
Specimen Preparation and Ultrasonic Testing 
Mortar/Granite interface prism specimens of dimensions 4 x 3 x 106 in were selected for 
this investigationo These specimen dimensions were selected so as to minimize the effect of 
geometry 0 One half of the specimens was made of Zimbabwean granite ( 4 x 3 x 0 8 in) and 
the other halfwas cast-in-place cement mortar ASTM Type I Portland cement was used in 
all the mix proportions, with mortars having water/cementitous ratios ranging from about 003 
to 005 and either zero orten percent silica fume Table 1 summarizes all the mortar mixes 
and mortar/granite combinations used in this study For all samples (except ZG-2 and ZG5), 
the surface of the granite prism was brushed cleaned and moistened by muriatic acid and 
thoroughly rinsed by clear water to remove any excess acid The thickness ofthe specimens 
were constant so that valid camparisans could be made between the different specimenso 
The mortar ingredients were mixed thoroughly until it was uniform in appearanceo The 
granite prism was placed into the mold and the mixed mortar placed on the top of the prismo 
Mter casting, the specimens were covered with plastic sheeting, stripped at 2 days of age, 
immersed in lime water for 26 days, and then air dried until tested 0 Mter curing, the top 
surface of each specimen was ground down to ensure smooth parallel faces Cylinder tests 
for compressive strength were carried out at 28 days 
Table 10 Mix proportians and basic mechanical propertieso 
Specimen Water/Cement Specimen Density Compressive Young's 
Designation Ratio Thickness p (kg/m3) Strength Modulus 
(mm) (MPa) (GPa) 
ZG-1* 005 44 2100 37 21 
ZG-2 05 42 2130 37 21 
ZG-3** 05 45 2090 37 20 
ZG-4* 0 375 42 2200 38 22 
ZG-5 0 375 41 2170 39 20 
ZG-6** 00375 45 2000 39 21 
ZG-7** 003 41 2140 40 23 
ZG-8*** 03 42 2220 41 25 
* Ac1d etch only * * Ac1d etch and acryhc fort1fier 
** *Acid etch and acrylic fortifier and 10% silica fume 
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Test Procedure 
In many actual situations the bond between the mortar and the granite is not uniform 
throughout. As a consequence of this, the bonded specimens may not allow for an accurate 
evaluation of the transmission coefficients Prior to casting, the granite prisms immersed in 
water were ultrasonically C-scanned using a I J'vlliz transducer. After casting, the specimens 
were again ultrasonically C-scanned to form C-scan images. Theseimages were examined in 
order to determine the uniformity or Iack thereof of the bond area. Through-transmission was 
used in C-scan tests. Control of the transducer movement and data collection was maintained 
by a system built by Sonix, Inc 
The experimental conftguration adopted to acquire the ultrasonic signals is shown 
schematically in Fig. l . A broad-band contact piezoelectric transmitting transducer was 
coupled on one surface of the specimen using a coupling gel. To ensure that the same 
pressure and couplant thickness was used for each test performed, the transducer was pressed 
against the specimen by a threaded rod attached to a Ioad cell. The transmitting transducer 
was excited with a two-cycle harmonic hurst over a range of frequencies by a pulse/function 
generator 
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Figure l - Experimental test set-up. 
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In this study, the transmitted waves are measured in a through transmission mode using 
a Iaser interferometer Laser interferometry is chosen over traditional piezoelectric sensors 
due to its high fidelity and non-contact nature The out-of-plane detection system used in this 
study was a single probe heterodyne interferometer. A brief overview of this system will be 
given here for the sake of completeness Fora detailed description of this system the reader 
is referred to reference [I 3). The heterodyne interferometer uses the Doppler shift to measure 
the absolute particle velocity of a point on the surface of the sample. A heterodyne 
interferometer uses two beams of light, the object beam and the reference beam that are 
separated in frequency by 40 MHz in this case. The object beam is directed to the surface of 
the specimen. The two beams are then recombined at the photdiode. When the system is 
properly aligned, the recombined beams produce a beat frequency of 40 MHz plus the 
change in frequency due to the light reflected from the surface ofthe sample. The signal 
from the photodiode is input into an F M discriminator to obtain a voltage which is related to 
the absolute velocity of surface of the specimen The waveforms was recorded on a 
Tektronix TDS 420 digital oscilloscope and the waveforms transferred to a personal 
computer via a GPIB interface for processing and storage. 
Foreach sample, waves are generated at discrete harmonic frequencies ranging from 100 
KHz to I .5 MHz The peak-to-peak voltage ofthe driving signal is kept at 16 V throughout 
the frequency range. Since concrete is a poor reflector of light, a small amount of reflective 
tape is applied to the specimen at the point of observation The tape has no effect on the 
measured ultrasonic waveforms and greatly improves the signal-to-noise ratio. Due to the 
inhomogeneity of concrete, local effects are removed by spatial averaging Measurement are 
made at four different spatial Iocations and the results averaged each time moving the 
Iocation of the generation and detection, but keeping their relative separation distance the 
same 
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Figure 2- Example of measured travel time of longitudinal wave. 
EXPERIMENTAL RESULTS AND DISCUSSIONS 
The first set of experiments were carried out to estimate the elastic properties of the 
different materials. The longidutinal wave velocities were calculated by dividing the 
specimen thickness by the respective arrival time of the elastic wave A typical averaged 
signal and its corresponding input signal showing how the arrival time is determined is 
shown in Figure 2. In order to increase the signal-to-noise ratio. the signal is averaged over 
500 waveforms The longitudinal wave velocities were calculated as 6650 m/s and 4100 m/s 
for the granite and the mortar respectively 
The next set of experiments examines the response of the sending transducer through a 
range offrequencies ( 1 MHz- 1 5 MHz). This is done so as to remove the effects ofthe 
sending transducer in the analysis Thesending transducer has a resonant frequency of 500 
kHz Ongoing work is measuring the transmission coefficients as a function of frequency for 
each specimen. 
THEORETICAL MODEL 
Problem Formulation 
It is considered that an interface exists between two dissimilar, homogeneous, linearly 
elastic solids A Cartesian coordinate system ( x1 , x2 ) is assumed such that the x1 axis is 
along the interface, and the x2 axis is pointing to material 15 . Let ').. and ~ be Lame' s 
elastic constants, and p the mass density of material D and Iet /.., J..l, p be the 
corresponding quantities in material D 
Basic Equations and General Salutions 
Let an incident wave with frequency ro and unit amplitude be a plane longitudinal, time 
harmonic wave originating from x2 = - oo Through linear superposition, the total non-zero 
displacement fields caused by a normal incident wave are given by: 
u2 = e'kLx2 - Re-'kLx2' 
;i2 = Te'kLx2, 
(1) 
(2) 
where Rand T are, respectively, reflected and transmitted coefficient while k Land k L are 
the longitudinal wave numbers in material D and 15 respectively. The time dependent term 
e""' , is common to all displacement terms and is suppressed 
Stresses, cr ij in an elastic solid are related to the strain, ~>u , by Hooke's law as. 
(3) 
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The corresponding relevant components of the stress tensor are: 
If linear elastic springs are assumed and the unit outward normal denoted by n, , then the 
equilibrium and continuity conditions at the interface are: 
(6) 
(7) 
where u, and u, are the values of u, (x) in material iJ and D, respectively, so are cr if 
and cr v and TJ" represents the compliance ofthe spring-layer interface. Letting llv = 0 in 
eq (7) leads to the boundary condition for a perfect interface On the contrary, it is also clear 
that letting TJ v ~ oo corresponds to the boundary conditions for complete separation 
(debond). Eqs. (6) and (7) can express various boundary conditions, including cracks, perfect 
bonding and weak bonding by changing the spring compliance A form of TJ v can be 
represented by Qu [14] 
(8) 
where TJ represent the compliance in the normal direction Here the compliance in the 
tangential direction is assumed tobe zero. Substitution of eqs (l)- (5) together with eq. (8) 
into the equilibrium and continuity conditions eqs. (6) and (7) give rise to: 
- - -
T- 1 - R = TJ i k L (A. + 2 f.l) T 
Solution of eqs. (9) and (10) afterextensive manipulations become: 
R= 
cz2 - z2 ) + (ro 11zz)2 
(Z + Z)2 + (roTJZZ)2 
T= 2Z (Z+Z) 
(Z + Z)2 + (roYJZZ) 2 
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(9) 
(10) 
(11) 
(12) 
where Z an_d Z are the impendences in material D and iJ respectively It can be seen 
from eqs (11) and (12) that as 11 ~0, Rand T approach the values for perfect bonding It 
is also clear that as , the case of complete debond or free surface is approached, T ~ 0 and 
R ~ -1 Results of eq (12) are plotted in Figure 3 as a function offrequency. 
FUTUREWORK 
Measure of Darnage Growth During Cyclic Loading 
Structural deterioration depends on the operating environment conditions and loading 
conditions. lt is weil known that the initiation and growth of microcracks control the 
response of cement-based materials such as concrete because it is such microcracks that 
evolve into )arge scale cracking, delaminations, spalling and scaling Therefore early 
detection of such cracks could greatly increase the structural integrity of existing structures. 
Mierecracks can occur due to processes such as freeze-thaw, salt scaling e.t c lt is the intent 
of this research to predict the effect of such processes and to estimate the residual stiffnesses 
of existing structure using uhrasonie wave techniques by comparing the changes in ultrasonic 
properties with increasing degree of darnage 
The same specimens described above will be subjected to freeze-thaw cycles and the 
same tests repeated for each freeze-thaw cycle Freeze-thaw tests will be perforrned in 
accordance with ASTM C666 
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